The complete basis set model chemistries CBS-4 and CBS-q were modified using density functional theory for the geometry optimization step of these methods. The accuracy of predicted bond dissociation energies and transition state barrier heights was investigated based on geometry optimizations using the B3LYP functional with basis set sizes ranging from 3-21G(d,p) to 6-311G(d, p). Transition state barrier heights can be obtained at CBS-q with B3LYP/6-31G(d, p) geometries with rms error of 1.7 kcal/mol within a test set of ten transition state species. The method should be applicable to molecules with up to eight or more heavy atoms. Use of B3LYP/6-311G(d, p) for geometry optimizations leads to further improvement of CBS-q barrier heights with a rms error of 1.4 kcal/mol. For reference, the CBS-QCI/APNO model chemistry was evaluated and is shown to provide very reliable predictions of barrier heights (rms errorϭ1.0 kcal/mol).
I. INTRODUCTION
The fast developing field of ab initio methods in computational chemistry provides a number of techniques for the prediction of molecular properties. Depending on the size of the molecules being considered, the accuracy with which electronic energies are predicted can be very close to experimental values. However, with increasing number of heavy atoms, i.e., atoms heavier than hydrogen, less reliable predictions are obtained, since as a result of the exponential growth of the problem size with increasing number of electrons, only lower levels of theory with simplifying approximations can be applied.
Much effort has been directed toward the development of model chemistries, which allow the prediction of molecular properties using a uniform formalism for an entire size class of species. The first two models leading to chemical accuracy have been the G1 and G2 theories developed by Pople et al. ͑see Curtiss and Raghavachari for review͒. 1 The formalism common to G1 and G2 was developed to overcome uncertainties in electronic energy calculations as a result of the influence of basis set size and electron correlation. The key objective of these model chemistries is to extrapolate to a large scale calculation with relatively high electron correlation treatment and a large basis set, such as, e.g., QCISD͑T͒/6-311ϩG(3d f ,2p) in G2 theory. This calculation usually cannot be performed directly except for small problems, as in the G2 test set itself. 2 The extrapolation is obtained by calculating a series of single-point energies evaluating basis set size effects at a single level of theory ͑MP4SDTQ͒ and accounting for electron correlation treatment effects using a relatively small basis set ͓6-311G(d, p)͔. The combined trends of basis set influence and electron correlation treatment have been proven to extrapolate to the exact large scale calculation. 2 The resourceintensive G2 method has been revised several times in order to reduce basis set requirements ͑see Curtiss et al. and references therein͒. 3 A family of modified G2 approaches, called G2M, was recently developed by Mebel et al., 4 replacing both the low level Hartree-Fock ͑HF͒ frequency calculation for determining the zero-point vibrational energies ͑ZPE͒ and the secondorder Mo "ller-Plesset ͑MP2͒ geometry optimization step in G2 by density functional theory ͑DFT͒ using the B3LYP functional. The QCISD͑T͒ calculation is replaced by a spin restricted CCSD͑T͒ calculation in G2M which further improves the accuracy of the method. This approach was also chosen by Bauschlicher and Partridge, 5 leading to a similar formalism. G2M͑RCC͒ is anticipated to perform well also in systems exhibiting serious spin contamination of the zeroth order wave functions, which is usual for transition states.
Independent of the development of the G2 methods, the approach of accounting for basis set influences by so called complete basis set extrapolation ͑CBS͒ was developed by Petersson et al., [6] [7] [8] with the aim of providing a standard technique with high predictive accuracy. Recently, the CBS method found general applicability in the form of the series of CBS model chemistries CBS-4, CBS-q, CBS-Q and CBS-QCI/APNO, [6] [7] [8] each one adapted to a specific class of molecule size. The highest CBS model chemistry ͑CBS-QCI/ APNO͒ provides the best absolute accuracy known today for molecules up to three heavy atoms with a mean average deviation ͑MAD͒ of 0.5 kcal/mol in atomization energies of 31 first row molecules. 8 The accuracy of the G2 method (MADϭ1.1 kcal/mol in atomization energies within the G2 test set͒ can be achieved with less resources than needed for G2 by the CBS-Q method (MADϭ0.8), most probably because a larger range of theory levels is covered in the CBS-Q extrapolation.
To be able to handle molecules of more than six heavy atoms, the CBS-4 model seems to be an appropriate choice, considering that it is capable of predicting bond dissociation energies of large molecules with essentially the same accuracy as G2. 7 The HF/3-21G(d) geometry optimization underlying CBS-4 and CBS-q usually performs quite well due to a fortuitous cancellation of errors. 9 However, this implies insufficient reliability in case of less well behaved molecules, like open shell species and especially transition states ͑TS͒.
The calculation of TS energies for sizable molecules remains a major challenge. The highly sophisticated electron correlation treatment provided by, e.g., multireference configuration interaction ͑MRCI͒, generalized valence bond ͑GVB͒, or complete active space self-consistent field ͑CASSCF͒ methods is not generally applicable. For these methods the computational problem scales to impracticable size with increasing number of basis functions, so that this type of treatment is limited to relatively small organic molecules. The results also may depend on, e.g., the choice of the active space of electron correlation in case of CASSCF calculations, which makes these methods difficult to apply as a general procedure belonging to a model chemistry.
It has become apparent that the application of model chemistries such as G2 is a useful tool for calculating transition state energies, 1,10 at least for molecules of a size that can be treated with G2. Although the limit in number of heavy atoms is constantly expanding because of constantly decreasing hardware expenses and increasing CPU performance, still many important reaction mechanisms in organic chemistry cannot be addressed with existing methods. Most G2 derivatives wait to be proven reliable for transition states, with G2M͑RCC͒ being the exception that was shown to reproduce the results of accepted high level results for some difficult problems with high spin contamination. However, the test set for G2M͑RCC͒ comprised only four cases. 4 To our knowledge, none of the G2͑MP2͒ or related methods has been tested systematically for transition states.
The CBS family of model chemistries seems to be a potential candidate for transition state calculations, especially for larger molecules, but as yet no systematic check on their performance for transition states has been reported. The main focus of this paper is to modify the CBS-4 and CBS-q model chemistry to be able to predict TS energies by evaluating basis set requirements for the geometry optimizations. For testing the hypothesis, we applied modified CBS-q and CBS-4 model chemistries along with CBS-Q and CBS-QCI/ APNO to a test set of relatively well known species and reactions.
The modification in the formalisms of CBS-q and CBS-4 is the use of DFT optimized geometries and zero-point vibrational frequencies ͑ZPE͒ instead of the HF geometries, which were part of the original formalism of these model chemistries. It is expected that the use of DFT for geometry optimization increases the reliability of these methods, since correlation effects, which are clearly not treated by HF theory, are handled efficiently and economically by DFT methods. In addition, the efficiency of the DFT method should allow calculation of reliable transition state geometries for relatively large molecules. The comparison of CBS-q and CBS-4 should show whether the QCISD͑T͒/6-31G calculation necessary for CBS-q will significantly improve the CBS-4 energies. The latter model chemistry accounts for errors due to spin contamination only by an empirical correction measured by deviation of ͗S͘ 2 of the HF/CbsB1 wave function. The CPU time for QCISD͑T͒ calculations scales with the seventh power of number of atoms, whereas the MP4SDQ step used in CBS-4 scales only with the sixth power. Since the QCISD͑T͒ component becomes the major fraction of CPU time needed for large molecules, it is important to know whether the QCISD͑T͒ component is essential to achieve the desired level of reliability.
II. COMPUTATIONAL DETAILS
All calculations were performed using the parallel version of the GAUSSIAN94/LINDA program package.
11 DFT geometry optimizations and frequency calculations for the species of this study were performed using the Becke3LYP hybrid functional as implemented in GAUSSIAN94. Geometries of all species were optimized with tightened convergence cutoffs; transition states were optimized either using a redundant internal coordinate scheme or using eigenvalue following routines, both with analytical second-order gradients. ZPEs obtained at B3LYP/3-21G(d,p) and B3LYP/6-31G(d,p) were scaled with factors 0.9700 and 0.9828, respectively, derived from the G1 test of molecules by comparison with experimental ZPE values. 12 Unfortunately, the recent comprehensive study on scaling factors for vibrational frequencies and ZPEs by Scott and Radom 13 did not include B3LYP/6-31G(d,p), but the result of 0.9828 is very close to the value of 0.9806 for B3LYP/6-31G(d), i.e., without polarization functions for hydrogen atoms. B3LYP/6-311G(d,p) ZPE values were taken without scaling. 4 For CBS-QCI/APNO calculations the difference in spin contamination of the zeroth order wave functions of the CBS/(14s9 p4d2 f ,6s3 p1d)/͓6s6p3d2f ,4s2 p1d͔ and QCISD͑T͒/6-311ϩϩG(2d f ,p) components have to be checked. In none of the cases considered did the ⌬͗S 2 ͘ of these two SCF wave functions exceed 0.005. Note that use of the APNO basis set for the QCISD͑T͒ calculation, leading to a very expensive calculation, would be necessary for cases where ⌬͗S 2 ͘Ͼ0.01. Care had to be taken when calculating the zeroth order wave functions at transition state geometries, since the likelihood of obtaining an unstable wave function in the SCF calculations was found to be very high for molecules with high symmetry and near degenerate electronic states. For this reason, stability checks were performed on a regular basis on all HF and B3LYP wave functions, using the techniques implemented in GAUSSIAN94.
The B3LYP hybrid functional B3LYP was used with 3-21G(d,p), 6-31G(d,p), and 6-311G(d,p) basis sets for geometry optimizations underlying the CBS model chemis-tries. This leads to modified CBS-4 and CBS-q formalisms, referred to as, e.g., CBS-4//3-21 in the case of CBS-4 using B3LYP/3-21G(d,p) geometry, or CBS-q//6-311 for geometry optimization, and ZPE determination from a frequency calculation at B3LYP/6-311G(d,p).
III. RESULTS AND DISCUSSION

A. Stable species
We have chosen a set of 28 small molecules containing H, C, N, O, and F for the benchmark calculations, reflecting our interest in oxidation pathways of hydrocarbons. Most of the species are members of the G2 test set, with additional species taken from the series of bond dissociation energy calculations of Ochterski et al. 7 In Table I the atomization energies for the set of molecules calculated at CBS-4//3-21, CBS-4//6-31, and CBS-q// 6-31 are compared with experimental values and those obtained with the original CBS-4 and CBS-q formalisms. For both CBS-4 and CBS-q models, the rms errors decrease by 0.4 kcal using the B3LYP/6-31(d, p) place of HF/3-21G(d). This way, the reliability of the CBS energies benefits from the geometry optimizations using DFT. At a given choice of method for geometry optimization, the CBS-4 and CBS-q models perform quite similarly in terms of MAD and rms, e.g., for CBS-4/6-31 a rms error of 1.6 kcal/mol is found, which is essentially the same as 1.7 kcal/ mol for CBS-q/6-31.
One might assume that improvement in geometries, and therefore CBS energies, is caused by the low extent of spin contamination for the DFT wave functions, regarding the considerable improvement found for NO in CBS-4/6-31 compared to CBS-4, since NO exhibits a high degree of spin contamination in the UHF wave functions at HF/3-21G geometry. 8 Since spin contamination effects are effectively treated at the QCISD͑T͒ level in CBS-q, the energies of those spin contaminated cases are inherently improved and close to experimental values. Also, the considerable reduction in error of atomization energy by 2.5 kcal/mol for CH 3 O does not seem to be related to spin contamination since the UHF/CbsB1 wave functions are relatively pure doublet states at both HF/3-21G and B3LYP/6-31G(d,p) geometries ͑⌬͗S 2 ͘ϭ.0095 and .0100, respectively͒.
For calculating reaction energies, some of the errors apparent from the results for absolute energies are expected to cancel. Table II lists a total of 30 BDE values calculated for 0 K at the various levels of theory for our test set of C 1 -C 3 hydrocarbons and oxygenated hydrocarbons. Also given in Table II , the variation of standard deviation in experimental errors can be taken into account calculating a weighted rms error as described in Ref. 7 . The general enhancement found in rms errors of BDE values at DFT geometries represents a general trend, although it is mainly caused by a limited number of species, e.g., C 2 H 4 , C 2 H 2 , C 2 H, CH 3 O, and H 2 O 2 . With the present test set, the small deviations obtained even for the least resource demanding procedure, CBS-4//HF3-21G, are on the order of only 2.1 ͑weighted 1.3͒ kcal/mol rms from experimental BDE values and improve to 1.9 ͑weighted 0.9͒ kcal/mol using B3LYP/6-31G(d,p) geometries. Again, no considerable difference between CBS-4 and CBS-q can be noticed, but B3LYP/6-31G(d,p) geometries improve the rms error of BDE by 0.3 kcal/mol. Surprisingly, cancellation of errors is more pronounced for the CBS-4 models, which consistently have a rms error lower by 0.5 kcal/mol compared to the CBS-q models. This promises that reactions of molecules up to eight heavy atoms could be investigated with high expected accuracy using contemporary computational resources.
B. Transition states
The test set for transition states included the relatively well known transition states for the following reactions: HϩH 2 , HϩN 2 , HϩNO, NHϩO, NϩO 2 , H atom transfer in HO 2 , FϩH 2 , OϩH 2 , OϩHCl, as well as OH and H elimination from HNNO. These transition states had been addressed by Durant and Rohlfing when evaluating the reliability of G2 and its G2Q derivative. 10, 14 A subset of these species had been reinvestigated by Durant using DFT methods. 15 We included the hydrocarbon radical hydrogen transfer reaction between C 2 H 4 and C 2 H 5 as an additional system that previously had been treated at a high level of theory. This system has several intrinsic difficulties imposed on a theoretical study, as there is severe spin contamination in the UHF wave functions and the triplet excitations are important. 16 The highest level of theory applicable as a general procedure, CBS-QCI/APNO, was used in its original formalism to calculate transition state energies. The geometry optimizations were performed at the QCISD/6-311G(d,p) level, which is the same as that used by Durant and Rohlfing for their G2Q formulation of G2 theory ͑ZPE corrections for the TS were taken from the QCISD frequency calculations͒. The barrier heights found at the CBS-QCI/APNO level are compared to values from G2Q, 13 G2M ͑where available͒, 4 and which might be an insufficiency in the reference selection in the CCI procedure as discussed by Durant and Rohlfing, 10, 14 leading to an error of 3.0 kcal in the energy of the NHϩNO asymptote. When referring the TS energy to the HϩN 2 O, the CBS-QCI/APNO and G2Q results are in excellent agreement with the CASSCF value.
We also applied the original formulation of the CBS-Q model chemistry to calculate the transition state barrier heights. Besides the troublesome cases noted above, the agreement is generally found to be acceptable, although the overall deviations increase considerably to an rms error of 2.4 kcal/mol, as compared to CBS-QCI/APNO with a rms error of 1.0 kcal/mol, which is probably caused by the MP2͑FC͒/6-31G † geometry optimization. The choice of polarization functions taken from the 6-311G(d, p) basis set seems to have a deteriorating effect on the TS geometries, measured by the noticeable increase of rms bond length deviation compared to the MP2͑FC͒/6-31G(d) geometries ͑Table IV͒.
When reducing the level of theory for barrier height calculations in order to be able to treat molecules with more heavy atoms than possible with CBS-QCI/APNO, CBS-Q, or G2Q, care has to be taken on the choice of methodology. The calculation of transition state geometries is usually strongly dependent on both electron correlation treatment and basis set size. Since the HF/3-21G(d) geometry optimization used in the original CBS-4 and CBS-q method is a priori not expected to be capable of reproducing transition state geometries obtained at higher levels, density functional theory could result in a major improvement. Surprisingly, the HF/ 3-21G geometries are found to reproduce relatively close high level results, although the rms error in bond length is high compared to other methods used in this work. At the B3LYP/3-21G(d,p) level the location of the transition states is even less reliable than plain HF theory, and fails to locate proper transition state geometries in cases with loose TS. Geometries calculated at the B3LYP level using 6-31G(d,p) or 6-311G(d,p) basis sets are more reliable ͑Table IV͒, as can be seen by reduction in bond length rms errors by 30% and 40%, respectively, over HF/3-21G(d) ͑see Table IV͒ .
It should be noted that density functional theory leads to unusually long bond lengths compared to classic ab initio methods in the case of flat potentials. [18] [19] [20] Clearly, the uncertainty in geometry has a major impact when used in hybrid methods such as the CBS model chemistries. Any hybrid model relies on the assumption that the geometries underlying the high level single-point calculations are close to the real minima, i.e., that the calculated geometry parameters are stable when applying higher correlation treatment levels. This is not the case for loose transition states, where the B3LYP and QCISD geometries differ by 100% or more. Also, at large bond distances the spin contamination in HF becomes much more pronounced than in DFT wave functions, 21 leading to spurious results in the perturbation expansion for the single-point calculations that are based on loose DFT geometries. In cases of the tight transition states, the bond lengths found are much closer to high level values.
With respect to the barrier heights at all CBS levels considered in this work ͑Table III͒, the relatively small dependence of calculated barrier heights upon basis set size for geometry is somewhat unexpected. Only minor changes from B3LYP/6-31G(d,p) to 6-311G(d,p) occur due to the relatively close geometries. The description of the barrier heights involving highly spin contaminated UHF wave functions, i.e., N-O 2 ( 2 AЈ), and NH-O ( 3 ⌸), seem to be extremely inconsistent among the CBS models. Especially striking is the underprediction of barrier heights by the CBS-4 models, independent of geometry for those spin contaminated species. This is caused ͑as mentioned earlier for the stable but spin contaminated species͒ by the rough estimate of the effect of spin contamination upon the convergence of the perturbation series expansion in the CBS-4 model.
Without consideration of those difficult cases, however, there is a pronounced trend of improving accuracy, measured in terms of MAD, rms, and maximum error, with larger basis sets for geometry optimization and use of CBS-q instead of CBS-4, as shown in Table V . While the number of 13 species in the test set is still relatively small, the calculation of the MAD and rms from comparison of actually 10 TS, omitting the severely spin contaminated cases, is not meant to represent a real measure of statistic variability, rather it allows us to compare the individual methods we used here. From Table V it is apparent that use of CBS-q//6-31 seems to be a reasonable choice for tradeoff in CPU time needed for the level of geometry optimization required to achieve meaningful barrier heights. The rms for barrier heights at CBS-q is reduced from 4.1 kcal/mol by roughly 60% to 1.7 kcal using B3LYP/6-31G(d,p) geometries instead of HF/3-21G(d), whereas the reliability of the CBS-4 model does not improve using DFT geometries.
Some of the deviations found for the barrier heights are caused by systematic errors in the CBS energies of reference species. The H-N 2 transition state barrier heights are constantly underpredicted at all CBS-4 and CBS-q, regardless of geometry optimization procedure, since the energy of N 2 is overpredicted by 4.5 to 4.9 kcal/mol. Likewise, the large errors for the CBS-4 energy for NN-OH and H-NNO at B3LYP/3-21G(d,p) geometry are caused by the poor de-scription of N 2 O at that geometry. The spurious CBS-q energy of O 2 at B3LYP/3-21G(d, p) geometry leads to the unusually high error observed for the H-OO and O-H-O TS.
IV. CONCLUSION
The enhanced accuracy of the CBS-4 and CBS-q model chemistries by using DFT optimized geometries is demonstrated by the decrease in MAD and rms for atomization energies and BDE values. It is mostly caused by the significantly better description for molecules like NO, C 2 H 4 , C 2 H 2 , C 2 H, and CH 3 O. The CBS-4 and CBS-q models were found to be capable of providing reliable estimates of barrier heights when DFT optimized geometries are used. The smallest deviations within our test set were found for the CBS-q//6-31 model with an rms of 1.7 kcal in atomization energies, which allows the treatment of molecules of up to at least eight heavy atoms with moderate computational resources. In particular, the result for the C 2 H 4 -H-C 2 H 5 TS is encouraging and indicates that reliable treatment of hydrocarbon reactions with CBS-q//6-31 should be possible. Use of B3LYP/6-311G(d,p) geometries reduces the rms error in CBS-q barrier heights to 1.4 kcal/mol. The use of CBS-q is recommended over CBS-4 since accuracy of barrier height prediction benefits from including the QCISD͑T͒ contribution, as expected. However, where the QCISD͑T͒ calculations become too large due to the problem size, CBS-4//6-31 still might be a reasonable approximation with an rms error of 2.6 kcal/mol. The CBS-Q model chemistry exhibits 2.4 kcal/mol rms error in TS barrier heights, but might perform better with an improved geometry step. This error is actually smaller than the G2Q rms error of 3.1 kcal/mol within our test set ͑the latter value suffers from the poor description of the O 2 ( 3 ⌺ g ) energy for referencing the H-OO and O-H-O TS͒. Our goal was to find a method that is generally applicable for relatively large molecules and we did not seek to improve the CBS-Q results, since this method already requires considerable computational resources. The CBS-QCI/ APNO model chemistry was found to provide accuracy in TS barrier height prediction better than G2Q, and seems to be the preferred choice with rms error of 1.0 kcal/mol wherever applicable, i.e., currently for systems with up to four first row heavy atoms.
ACKNOWLEDGMENTS
This work was supported by the U.S. Environmental Protection Agency, Center on Airborne Organics, under agreement R-819714-01-0. T.P.W.J. gratefully acknowledges a Forschungsstipendium der Deutschen Forschungsgemeinschaft. We thank Mr. Kiran Shekar for performing GAUSSIAN94 calculations. Allocation of CPU time for the IBM SP/2 by the Center for Advanced Computing Research ͑CACR͒ at the California Institute of Technology is gratefully appreciated. 
